Abstract. We study particle levitation in a dielectrophoretic field-flow fraction ͑DEP-FFF͒ flow sorter by using theoretical and numerical methods. By balancing DEP forces with gravitational and buoyant forces, one can obtain the analytical solution for the particle levitation height. Numerical simulation is carried out and used to compare with the analytical prediction. One can find that there exists a maximum particle levitation height at a specific electrode width ͑d͒ for each applied voltage. The maximum levitation height happens at h p / d = 0.95. The particle behaviors can be discussed based on the ratio between levitation height ͑h p ͒ and the width of electrode ͑d͒. When levitation height is higher than h p / d Ͼ 0.6, simulation results show excellent agreement ͑less than 2% error͒ with the first-order approximated analytical solution. When levitation height is between 0.43Ͻ h p / d Ͻ 0.6, the results start to show the large discrepancies ͑more than 2% error͒ between simulation and the firstorder approximated analytical solution. A higher order theoretical solution has to be considered for this situation. When levitation height is h p / d Ͻ 0.43, particles will stick on the bottom wall. Approximate theoretical solution is no longer applicable.
Introduction
Sorting cells of interest from mixtures of various kinds of cells is often required in many research and medical diagnostic applications. It has been widely acknowledged that the effective sorting in many microfluidic and lab-on-a-chip devices provide many advantages over the conventional fluorescent activated cell sorting ͑FACS͒, 1 such as low consumption of samples without sacrificing sensitivity, closed system reducing the potential biohazard risks and preventing cross-contamination, and feasibility of making portable and disposable devices. 2 Over the years, scientists have developed many particle and cell handling microfluidic devices-for example, microfabricated fluorescenceactivated cell sorting ͑FACS͒, 3, 4 magnetic-activated cell separation ͑MACS͒, 4 automated single-cell sorting using dual-beam optical trapping, 5 optoelectronic tweezers for particle manipulation, 6 and microfabricated flow switches for sample injection and cell/particle sorting. 7, 8 Air-liquid two-phase 9 and three-dimensional ͑3-D͒ sheath flow-type 10 microchannels are also reported. These types of flow switches require the control of sheath flows realized by abruptly changing pumping pressure; however, fast and precise control can sometimes be difficult. A cell sorter using laminar sheath flow and electrostatic force is reported. 11, 12 In this paper, an on-chip sorting for particle handling using dielectrophoretic field flow fraction ͑DEP-FFF͒ is studied. The DEP-FFF sorting approach is particularly suitable for operating at the micrometer scale and allows the analyzing and discrimination of cells of interest. Due to differences in their dielectric properties, DEP forces of different magnitudes acting on the cells can be obtained, thus the cells of interest are levitated along a predetermined height. This technique is also label-free, i.e., a unique advantage that cells are unaltered during the measurement process. The instrument can easily discriminate differences in calibrated particles. Since there are no mechanical structures moved by an actuator, the flow in the DEP-FFF flow sorter is smooth and, at the same time, without dead spaces. The features obtained in the design described in this paper are, in fact, required by many microfluidic systems.
Design of DEP-FFF Microsorter
Dielectrophoresis ͑DEP͒ refers to the forces induced on a particle in the presence of a nonuniform electric field. A particle within an electric field forms an induced dipole, which will experience a force due to the field gradient. 13 The analytical expression of DEP force is given by:
where E is the field strength, a is the particle diameter, m and p are the permittivities of the surrounding medium and the particle, respectively, 0 is the vacuum permittivity, m and p are the conductivities of the surrounding medium and the particle, respectively, and is the angular frequency of the applied electric field. The direction of the induced dielectrophoretic force depends on the sign of the term Re͓K * ͔͑͒. It can presume any value between 1 to −1 / 2, depending on the operating frequency of the electric field and permittivity and conductivity of the particle and the surrounding medium. If Re͓K * ͔͑͒ Ͼ 0, it is called positive DEP. The positive DEP forces result in particle attraction to the maximum of electric field gradient. In contrast, the negative DEP ͕Re͓K * ͔͑͒ Ͻ 0͖ causes particles to be repelled from the maximum of electric field gradient. Figure 1 shows a schematic diagram of the separation principle in a DEP-FFF microsorter. The DEP-FFF technique first used interdigit electrodes to generate DEP force ͑F DEP ͒, which is balanced with gravity force ͑F sed ͒ that levitates particles to different heights according to their dielectric properties. Levitated particles are then separated by their heights ͑h p1 or h p2 ͒ or velocity difference in a microchannel. This technique is also label-free, i.e., a unique advantage that cells are unaltered during the measurement process. The instrument can easily discriminate differences in calibrated particles. Since there are no mechanical structures moved by an actuator, the flow in the DEP-FFF microsorter is smooth and, at the same time, without dead spaces. The features obtained in the design described-this paper are, in fact, required by many microfluidic systems.
Theoretical Solution of particle Levitation Height
As the main objective of the present study was to study the levitation height of the particle in a DEP-FFF microsorter, the theoretical solution was performed by using the electrical field square ͑E 2 ͒ derived by Feng et al.
where V rms is the root-mean-square voltage of the applied ac signal, d ͓=͑d 1 + d 2 ͒ / 2͔ is the average distance of electrode width ͑d 1 ͒ and spacing ͑d 2 ͒ between two electrodes, c is defined as c = d 1 / 2d, and K is a complete elliptic function of the second kind, which is defined as:
If the particles were located at a sufficient height above the electrode plane and the interactions between particles are neglected, one can obtain the first-order approximate solution for the particle levitation height by balancing DEP forces with the gravitational and buoyant forces:
where ⌬ is the density difference between particle and medium.
Numerical Simulation
In order to solve the dynamic equation for particle motion in a coupled manner with the fluid flow equations, we have developed a numerical model available in CFD-ACEϩ, CFDRCs commercial multiphysics simulation package. Simulation of trajectory evolutions for a particle, as well as the parameters used in numerical simulation, is shown in Fig. 2͑a͒ . Figure 2͑a͒ shows the simulation domain of the DEP-FFF microsorter. The DEP-FFF microsorter simulation domain is a 2-D flow region with a wall on the bottom. The boundary condition on the top of simulation domain is set as a far-field boundary condition in the flow model. Boundary conditions on both sides of the simulation domain are symmetric boundary conditions. The boundary condition on the bottom wall of the simulation domain is a nonslip boundary condition for the flow model with a 1 Mhz AC voltage boundary condition on the electrodes ͑marked as a gold color region͒ and dielectric boundary condition on spacing between electrodes ͑color online only͒. Due to the symmetric boundary conditions on both sides of the computational domain, two electrodes show on the bottom wall are only half the width of the electrode ͑d͒.
The spacing between the two electrodes is fixed as the same value as the electrode width ͑d͒, which changes from d =20 m to d = 220 m in this study. The electrodes on the bottom wall in the DEP-FFF microsorter are used to generate nonuniform electric fields when applying voltage signal between them. Suspended particles are expected to experience DEP forces in upward directions due to the nonuniform electric fields. The DEP force in the upward direction is designed to be a lifting force that is used to levitate the particles against the gravity forces of the particles. In Fig. 2͑a͒ , a particle with zero initial velocity is introduced at the starting point in the microsorter. It has been verified that the particle reaches to a steady-state levitation height ͑h p ͒ of the end position in Fig.  2͑a͒ . The numerical ͑symbols͒ and theoretical ͑dashed lines͒ particle levitation heights ͑h p ͒ for different electrode widths ͑d͒ and applied voltages ͑V rms ͒ are depicted in Fig.  2͑b͒ . In Fig. 2͑b͒ , the particle behaviors can be discussed according to levitation height ͑h p ͒ and electrode width ͑d͒.
Case I: Levitation Height h p / d Ͼ 0.6 cases
If levitation height ͑h p ͒ is much higher than electrode width ͑d͒, the first-order approximate solution for the particle levitation height of Eq. ͑5͒ and numerical simulation results coincide. One can see that there exists a maximum particle levitation height at a specific electrode width ͑d͒ for each applied voltage. The maximum h p is found to be about 95% of its corresponding electrode width d. The levitation heights start to show discrepancy between the first-order approximate solution for the particle levitation height ͓dashed line in Fig. 2͑b͔͒ and numerical simulation results ͓symbols in Fig. 2͑b͔͒ after levitation height reaches its maximum. A dashed line indicating the h p / d = 0.6 limit is plotted in Fig. 2͑b͒ for easy reference. In the h p / d Ͼ 0.6 range, the numerical simulation and analytical solution show less than 2% error. Figure 3 shows the maximum particle levitation height ͑h p ͒ for a different applied voltage and its corresponding electrode width. This shows the linear relationship between the maximum h p , as well as its corresponding d, and the applied voltage V rms .
Case II: Levitation Height
The levitation height starts to show large discrepancy between the first-order approximate solution of the particle levitation height ͑dashed line͒ and numerical simulation results ͑symbols͒ after the levitation height is lower ͑h p / d Ͻ 0.6 range͒ in Fig. 2͑b͒ . The error between numerical simulation and analytical prediction shows more than 2% difference.
Case III: Levitation Height h p
As soon as h p reaches 0.43d, particles will sink and even stick onto the bottom wall, the first-order approximate solution predicts that the particle still remains levitated. Therefore, the numerical simulation cannot predict the firstorder approximate solution when h p / d Ͻ 0.43.
In order to solve the particle height difference in cases I, II, and III, particle trajectory is studied by applying a lateral flow or traveling wave DEP force. Figure 4 shows the particle trajectory at different levitation heights in a DEP-FFF microsorter. If levitation height is h p / d = 0.68, ͑h p / d Ͼ 0.6 case͒, particles will be levitated to a constant height from upstream ͑left͒ to downstream ͑right͒ in Fig. 4͑a͒ . When levitation height is h p / d = 0.45 ͑0.43Ͻ h p / d Ͻ 0.6 case͒, particle trajectory becomes wavy from upstream to downstream, as shown in Fig. 4͑b͒ . When levitation height is h p / d = 0.22 ͑h p / d Ͻ 0.43 case͒, particles will stick on the bottom wall ͓Fig. 4͑c͔͒.
The gray scale in Fig. 4 indicates the electrical field square ͑E 2 ͒ intensity in a DEP-FFF microsorter. It is shown that the wavy trajectory in Fig. 4͑b͒ can be contributed to the nonuniform electrical field square near the electrodes along the flow direction. The particle has been lifted up and down because the induced DEP force varies from upstream to downstream. Since the first-order approximate solution Fig. 2 ͑a͒ Simulation of trajectory for a particle and the parameters used in numerical simulation. ͑b͒ The particle levitation heights ͑h p ͒ for different average distances ͑d͒ and applied voltages ͑V rms ͒ by using the first-order approximate solution ͑dotted lines͒, high-order approximate solution ͑solid lines͒, and numerical simulation ͑symbols͒. Fig. 3 The maximum particle levitation height occurs at its corresponding electrode width for different applied voltages.
for the particle levitation height in Eq. ͑5͒ is assumed, the particles have to be located sufficient height above the electrode plane. In the range below h p / d Ͻ 0.6, the first-order approximate solution Eq. ͑5͒ is no longer accurate enough. The higher order terms should be considered. By considering the higher order terms in Eq. ͑3͒, the particle levitation heights ͑h p ͒ for different average distances ͑d͒ and applied voltages ͑V rms ͒ are plotted as a solid line in Fig. 2͑b͒ . Figure 2͑b͒ shows that the discrepancy in the range 0.43Ͻ h p / d Ͻ 0.6 of case II disappears. Comparison between the present analytic results for particle levitation height with numerical solutions based on CFD-ACEϩ have found excellent agreement.
Conclusion
By taking advantage of dielectrophoretic and hydrodynamic forces, the DEP field-flow fractionation ͑DEP-FFF͒ technique first uses DEP force to levitate particles to different heights according to their different dielectric properties. Based on the parabolic velocity profile of the channel flow field, particles could be separated by height or velocity difference. In this study, interdigit microelectrodes were used to generate the nonuniform electric fields. The approximate analytical solution by balancing dielectrophoretic forces with the gravitational and buoyant forces is introduced. One can obtain the approximate solution of the particle levitation height. At the same time, numerical simulation was compared with the approximate solution. The results indicated that the first-order approximate solution has the maximum working range h p / d Ͼ 0.6. Once the ratio of levitated height and electrode width was larger than 0.6, the discrepancies between numerical simulation and the firstorder approximate solution show only 3 m to 10 m. The particle levitation height starts to show the discrepancies between numerical simulation and approximated analytical solution when the particle levitation height ranges between 0.43Ͻ h p / d Ͻ 0.6. The difference can be attributed to the results of nonuniform eletrical field near the electrodes. The phenomenon of wavy particle trajectory is revealed from numerical simulation results. The discrepancies between numerical simulation and approximated analytical solution can be eliminated by taking consideration of higher order terms.
